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Abstract: Carbon supported Pt, Ru and binary PtRu catalysts were prepared by an
impregnation-reductive pyrolysis method at various temperatures using Pt(NH3),(NO,),
and Ru(NOs)3 as precursors. The effect of the reductive pyrolysis temperature on the
structure of the metal particles and its relationship to the electrocatalytic activity
towards methanol and pre-adsorbed carbon monoxide (CO,q) oxidation was examined.
The decomposition temperature of the PtsoRuso mixed precursor shifted to lower
temperature than the Ru single-source precursor. High resolution scanning electron
microscopy, X-ray diffraction and CO,qy stripping voltammetry of Pt/C and Ru/C
indicated that Ru nanoparticles tend to grow drastically when the pyrolysis temperature
was increased, while Pt nanoparticles are more resistant to particle growth. Scanning
transmission electron microscopy coupled with energy dispersive X-ray spectroscopy
analysis showed that a slight compositional variation between individual nanoparticles
exists depending on the particle size. The PtsoRuso/C catalyst prepared at 200 °C
exhibited the maximum electrocatalytic activity towards methanol oxidation per mass of
PtRu, which was discussed based on the appropriate balance of precursor
decomposition and particle growth.
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1. Introduction

Due to the comparatively low operation temperature of the direct methanol fuel cell

(DMFC), the poisoning of the anode catalyst by carbon monoxide becomes a major

problem. Therefore, the material design of highly active electrocatalysts is an important

subject in DMFC development. High-surface area PtRu alloy supported on carbon black

is one of the most promising materials as an anode catalyst for DMFC [1-21], because

of its high tolerance against carbon monoxide poisoning. The promotion effect of Ru

has been mainly discussed based on the so-called “bifunctional mechanism” [4-6,

22-43] or “ligand effect” [37-51] or a mixture of both.

The fundamental properties of the methanol oxidation reaction have been well

established using well-defined catalyst, such as Ru decorated single crystals, model

electrocatalysts and bulk alloys. In contrast, the understanding of the relationship

between the physical and electrocatalytic properties of PtRu nanoparticles supported on

carbon black is not as straightforward. The delicate control of composition, particle size,

and dispersion state are only a few of the requirements for practical catalysts. The

co-impregnation method [13-19, 52-61] is a simple and effective method for the

preparation of high surface area carbon supported electrocatalysts. We have shown that

the structural properties and electrocatalysis of carbon supported PtRu nanoparticles
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vary with the type of precursor employed, and the activity towards methanol
electro-oxidation is sensitive to the pyrolysis temperature [14]. In our previous study,
we reported the effect of the type of precursor at pyrolysis temperature between 150 and
550 °C. Reductive pyrolysis at 200°C was preferable for highly active catalysts. For a
better understanding of the effect of the pyrolysis temperature on the nanostructure and
electrocatalysis of PtRu/C, a systematic study on the nanometer scale is necessary.

Here, we report the particle growth process of Pt, Ru and PtRu catalysts supported on
carbon as a function of the pyrolysis temperature up to 800 °C. Emphasis was placed on
the difference in the particle growth behavior of Pt, Ru and PtRu as well as the
composition variation between individual PtRu nanoparticles. The activity towards
methanol and pre-adsorbed carbon monoxide oxidation of PtspRuso/C was examined and

discussed based on the difference in the structure of the nanoparticles.

2. Experimental

Pt/C, Ru/C and PtspRuso/C (30 mass% metal) catalysts were prepared by a
conventional impregnation method reported previously [14]. The catalysts were
prepared by introducing appropriate amounts of carbon black (Vulcan XC-72R) into

ethanolic solutions of Pt(NH3)2(NOy), (Ishifuku Metal Industry), Ru(NOz3); (Tanaka
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Kikinzoku Kogyo K. K.), or a 1 : 1 molar ratio of Pt(NH3)2(NO;), and Ru(NO3)s. For
the Pt source, 4 mM (M = mol dm™) Pt(NHs),(NO,), dissolved in ethanol was used.
Ethanolic solution of 4 mM Ru(NO3); was used as the Ru source. After thorough
mixing, the precursor solution was allowed to dry at 60°C to a powder. The dried
powder was then reduced in a tube furnace under flowing H,(10%)+N,(90%) gas for 2
h at various temperatures.

The pyrolysis process of the precursor powders was investigated by
thermogravimetry (TG, Shimadzu TGA-50) under a constant flow of H;(10%)+N,(90%)
at a heating rate of 5°C min™. The structure of Pt/C, Ru/C and PtsoRuso/C was
characterized by X-ray diffraction (XRD, Rigaku RINT-2550 with monochromated
CuK,, radiation), high-resolution scanning electron microscopy (HRSEM, Hitachi
S-5000), high-resolution scanning transmission electron microscopy (HRSTEM, Hitachi
HF-2210) and energy dispersive X-ray spectroscopy (EDX, Noran Instruments
VOYAGER). Scanning transmission electron microscopy coupled with energy
dispersive X-ray spectroscopy (STEM-EDX) analysis was utilized to study the single
particle composition of PtRu.

Electrochemical studies were conducted using a three-electrode type beaker cell

equipped with a platinum mesh counter electrode, an Ag/AgCI reference electrode, and
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the working electrode. A Luggin capillary faced the working electrode at a distance of 2
mm. The working electrodes were prepared by the thin film electrode method [62].
Briefly, 20 mg of the catalyst powder was dispersed in 10 mL of methanol and was
subject to ultrasonification for 30 min. Then, 20 uL of the catalyst powder dispersion
(40 pg of the catalyst powder containing 12 ug of metal) was dropped on a
mirror-polished Glassy Carbon (Tokai Carbon Co., Ltd.) substrate (grade 20SS, 5 mm in
diameter). After drying at 60 °C, 20 uL of a 1 wt% Nafion® alcoholic solution was
further dropped on the electrode surface to stabilize the electrocatalysts to the Glassy
Carbon rod surface. All potentials throughout the present paper are given in the
reversible hydrogen electrode (RHE) scale. The electrocatalytic oxidation of
pre-adsorbed carbon monoxide (CO,q4) was measured by CO,q Stripping voltammetry at
a scan rate of 10 mV s™. CO gas was purged into the cell (0.5 M H,SO,, 60 °C) for 40
min to allow adsorption of CO onto the accessible metal surface while maintaining a
constant voltage of 270 mV vs. RHE. Excess CO was purged out with N, gas for 40 min.
The amount of CO,y was evaluated by integration of the COyq Stripping peak, corrected
for the electrical double-layer capacitance. The electrochemical oxidation of methanol
was characterized by the quasi steady-state current density at 470 mV vs. RHE in 1.0 M

CH30H + 0.5 M H,S04, solution. All electrochemical measurements were carried out at
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60 °C.

3. Results and discussion
3.1. Carbon supported platinum

The pyrolysis process in Hz(10%)+N,(90%) for the Pt/C precursor powder is shown in
Fig. 1la. The decomposition of the Pt/C precursor was completed at about 170°C.
HRSEM images of Pt/C pyrolyzed at various temperatures are shown in Fig. 2. The
histograms of the particle size estimated from 100 particles as a function of the
pyrolysis temperature are shown in Fig. 3. More than 80% of the Pt particles were in the
range of 2-5 nm, irrespective of the pyrolysis temperature. The relative abundance of
small particles (< 3 nm) decreased with increasing pyrolysis temperatures (200°C; 28%,
450°C; 12%, 800°C; 8%), while that of particles in the range of 3 ~ 4 nm slightly
increased with increasing pyrolysis temperature (200°C; 33%, 450°C; 45%, 800°C;
50%). The relative abundance of larger particles (> 4 nm) was not significantly affected
by the pyrolysis temperature (200°C; 39%, 450°C; 43%, 800°C; 42%). The XRD
patterns of Pt/C pyrolyzed at various temperatures are shown in Fig. 4. The XRD
patterns could be indexed based on the fcc structure of Pt metal. The sharpening of the

XRD peaks indicates an increase in the average crystallite size with increasing
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temperature of pyrolysis.

The COgq stripping voltamograms of Pt/C are shown in Fig. 5. The peak-top of the
CO,q Oxidation appeared at 670 mV vs. RHE. The mean particle size of Pt calculated
from the electrochemically active surface area increased slightly with increasing
pyrolysis temperature; 2.5, 2.9 and 3.4 nm for the products pyrolyzed at 200, 450 and
800°C, respectively. This observation is consistent with the sharpening of the XRD peak
suggesting an increase is crystallite size, which is particularly notable for the 800

°C-pyrolyzed product.

3.2. Carbon supported ruthenium

The decomposition of the Ru/C precursor powder was completed at about 250°C (Fig.
1b), which is 80 °C higher than the Pt/C precursor (Fig. 1a). HRSEM images of Ru/C
pyrolyzed at various temperatures are shown in Fig. 6. The particle size distribution at

different pyrolysis temperature is shown in Fig. 7. In contrast to Pt/C, Ru particles
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clearly showed a tendency to grow with increasing temperature of pyrolysis. The
relative abundance of particles larger than 4 nm significantly increased with increasing
pyrolysis temperature (200 °C; 7%, 450 °C; 39%, 800 °C; 62%). As shown in Fig. 6c,
Ru particles as large as 30 nm (marked with arrows) were also observed besides the

smaller particles (2 nm) for the Ru/C catalyst prepared at 800 °C.

The XRD patterns of Ru/C pyrolyzed at various temperatures are shown in Fig. 8.
The XRD patterns could be indexed based on the hcp structure of Ru metal. The
sharpening of the XRD peaks indicates an increase in the average crystallite size with
increasing temperature of pyrolysis. The sharpening of the peaks was more apparent for
Ru/C compared to Pt/C, consistent with the HR-SEM analysis revealing an increase in

particle size.

The CO4q stripping voltamograms of Ru/C pyrolyzed at various temperatures are
shown in Fig. 9. The peak-top of the CO4q oOxidation appeared at 450-480 mV vs. RHE
on Ru/C. The CO,4 oxidation charge decreased drastically with increasing pyrolysis

temperature. The quantitative evaluation of the electrochemically active surface from
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COgq stripping voltammetry for Ru/C is complicated [21] and is strongly dependent on
the measuring conditions such as pre-adsorption potential and operating temperature.
Here, we have not optimized the pre-adsorption potential, thus only a quantitative
assessment can be discussed, and the discussion on the CO,q oxidation on Ru/C will be
confined to the relative change in the amount of adsorbed CO. The CO,¢ oxidation
charge for Ru/C pyrolyzed at 800 °C was only 21% of the value for Ru/C pyrolyzed at
200 °C. The decrease in the electrochemically active surface area with increasing
pyrolysis temperature for Ru/C was much more profound compared to Pt/C. These
results are consistent with the particle size analysis of Pt/C and Ru/C by HR-SEM and
XRD. The particle growth behavior of the Ru particles is more significant than the Pt
particles. The difference in the particle growth behavior of Pt and Ru particles is
probably due to differences in the physical properties between Pt and Ru (for example,
interaction with hydrogen, surface free energy and interaction with the carbon support,

etc.).

3.3. Carbon supported PtsoRusg
The decomposition of the binary PtssRuse/C precursor was completed at 200°C (Fig.

1c). In the case of the PtRu mixed precursor, the Pt precursor and the Ru precursor

10
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decomposed simultaneously in a single process. The decomposition temperature of the
PtRu mixed precursor was lower than that of the Ru-single source precursor (Fig. 1b).
These facts suggest that the Pt and Ru sources were mixed at an atomic level in the
precursor solution. The single step decomposition process of the PtRu mixed precursor
is preferable from the standpoint of bi-metal alloying, since nucleation of both metals
will occur simultaneously.

Figure 10 shows the XRD patterns of PtsoRuso/C pyrolyzed at various temperatures.
The XRD peak sharpened with increasing pyrolysis temperature especially above 600
°C, suggesting an increase in the particle size and/or an increase in crystallinity. With
increasing pyrolysis temperature from 150 to 450 °C, the fcc(220) peak shifted to higher
reflection angles suggesting that more amounts of Ru were introduced into the fcc

structure.

The STEM images of PtsoRuso/C prepared at 200, 450, and 800 °C are shown in Fig.
11. The average bulk Ru content obtained by EDX analysis was in accordance with the
nominal contents Pt:Ru = 45:55, 51:49, 48:52 Ru mol% at 200, 450 and 800 °C,
respectively. The Ru content of individual particles with different particle size is shown

in Fig. 12 along with the relative abundance as a function of the pyrolysis temperature.

11
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Approximately 70-80% of the measured particles were in the range of 2-5 nm for the
catalysts, irrespective of the pyrolysis temperature. The majority of the alloy particles
(80% or more) in the PtsoRuso/C catalysts prepared at 200 to 450 °C is in the range of
2-5 nm, in accordance with our previous results [14]. The Ru contents for these
individual particles were close to unity. For particles less than 2 nm or more than 5 nm
in diameter (about 20-30% of all measured particles), the Ru content tended to deviate
from the nominal content. The histogram also shows that the relative abundance of
relatively large particles (>5 nm) increased with increasing pyrolysis temperatures
(200°C; 3%, 450°C; 20%, 800°C; 26%), which is consistent with the XRD results. In
particular, PtRu particles larger than 30 nm were observed when the pyrolysis
temperature was 800 °C (Fig. 11c), indicating that the high-temperature particle growth
behavior of PtRu particles is similar to that of Ru particles. That is, PtRu particles tend

to sinter at high temperature.

The COgq stripping voltamograms PtsoRuso/C pyrolyzed at various temperatures are
shown in Fig. 13. The peak-top of the CO4q oxidation appeared at 450-465 mV vs. RHE.

Similar to the behavior of Ru/C and Pt/C, the CO,q oxidation charge decreased for

12
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PtsoRuso/C with increasing pyrolysis temperatures. In addition, an oxidation shoulder
peak is observed near 600 mV vs. RHE. These peaks are attributed to the COgyq
oxidation on Pt or Pt-rich surfaces since the electrode potentials are close to that of Pt/C

(see Fig. 5) [19].

The effect of the pyrolysis temperature on the electrocatalytic activity for methanol
oxidation is shown in Fig. 14. The sample pyrolyzed at 200 °C exhibited the highest
current density with 42 A g7pry. Although the alloying of ruthenium with platinum
progresses as the pyrolysis temperature is increased, large particles are also generated
with increasing pyrolysis temperature. Such features reduce the mass activity for
methanol oxidation. In addition, if surface Pt-rich particles exist, these may also
contributed to the decrease in activity [7]. The low activity of the catalyst pyrolyzed at
150 °C is most likely due to the incomplete decomposition of the PtRu precursor (Fig. 1
c). The decomposition of the PtRu precursor occurs in the range of 150 °C to 200 °C. If
the precursor is not completely reduced to the metal state, residual organics should
hinder the electrocatalytic activity. This can be seen in the cyclic voltamograms (Fig.
13), which show that the electrocatalyst pyrolyzed at 150 °C tends to have a smaller

electric double-layer capacitance. This is suggestive of a low electrochemically active

13
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surface area owing to the residual species covering the electrocatalyst surface. The
catalyst preparation should preferably be around 200 °C where sintering is inhibited and
good dispersion state as well as good alloying state of the PtsoRuso nanoparticles are

achieved.

Particle growth phenomenon is one of the causes of catalyst activity degradation in an
operating fuel cell. There may be some similarities between the high-temperature
particle growth process observed in this study and the catalyst activity degradation
process in a practical fuel cell. The present results of the particle growth behavior of
PtRu particles at high temperature may give insights into the catalyst degradation
process in actual fuel cells.

4. Conclusions

The structures of Pt, Ru and PtsoRuso nanoparticles supported on carbon and its
relationship to the electro-catalytic activity towards CO,q and methanol oxidation was
examined. HRSEM analysis, XRD and CO,q stripping voltammetry showed that the
particle size drastically increased with the increase in the pyrolysis temperature for
Ru/C catalyst, in contrast to Pt/C. Analysis of the size and composition of individual

PtsoRuso nanoparticles by STEM-EDX showed that 70-80% of the nanoparticles had a

14
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size of 2-5 nm and composition close to unity. The highest mass activity of the
PtsoRuso/C prepared at 200 °C was suggested to be a result of the suitable balance

between the sintering state, dispersion state and alloying state.
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FIGURE LEGENDS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

The TG curves of a) Pt(NH3)2(NO,)2, b) Ru(NOs)s and ¢) Pt(NH3)2(NOy),+
Ru(NO3)3 supported on Vulcan XC-72R carbon black powder under flowing
H,(10%)-N2(90%).

HR-SEM images of Pt/C pyrolyzed under reducing condition at a) 200, b) 450
and c) 800 °C.

Histograms of Pt/C pyrolyzed under reducing condition at a) 200, b) 450 and c)
800 °C.

The XRD patterns of Pt/C pyrolyzed under reducing condition at a) 200, b) 450
and c) 800 °C.

The CO4¢-stripping voltamograms at 10 mV s™ of Pt/C pyrolyzed at a) 200, b)
450 and c) 800 °C in 0.5 M H,S04 (60 °C).

HR-SEM images of Ru/C pyrolyzed under reducing condition at a) 200, b) 450
and c) 800 °C.

Histograms of Ru/C pyrolyzed under reducing condition at a) 200, b) 450 and c)
800 °C.

The XRD patterns of Ru/C pyrolyzed under reducing condition at a) 200, b) 450

and c) 800 °C.
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Fig. 9. The CO.g-stripping voltamograms at 10 mV s™ of Ru/C pyrolyzed at a) 200, b)
450 and c) 800 °C in 0.5 M H,S04 (60 °C).

Fig. 10. The XRD patterns of PtsoRuso/C catalysts prepared at a) 150, b) 200, c¢) 300, d)
450, €) 500, f) 600 and g) 800 °C.

Fig. 11. The STEM images of PtsoRuso/C catalysts pyrolyzed at a) 200, b) 450 and c)
800 °C.

Fig. 12. The Ru contents of individual particles in PtsoRuso/C pyrolyzed under reducing
condition at a) 200, b) 450 and c) 800 °C (left axis) and the relative abundance as
a function of the particle size (right axis) estimated from STEM-EDX analysis.

Fig. 13. The CO4¢-stripping voltamograms at 10 mV s™ of PtsoRus/C catalysts
pyrolyzed at a) 150, b) 200, c) 450 and d) 800 °C in 0.5 M H,SO, (60 °C).

Fig. 14. The methanol oxidation current density as a function of measurement time for
PtsoRUso/C catalysts pyrolyzed at a) 150, b) 200, ¢) 450 and d) 800 °C in 0.5 M

H,SO4 + 1 M CH30H at 60 °C at 470 mV vs. RHE.
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Figure 2

24



JCAT04-486 revised

o
N’

Number of Particles / -

o
N

Number of Particles / -

o
N’

Number of Particles / -

50 -

40 |

30

20

l ] ] ]

5 10 15 20 25
Particle Size / nm

30

50
40
30

20

5 10 15 20 25
Particle Size / nm

30

40 -

30

20

10

L

5 10 15 20 25
Particle Size / nm

Figure 3

25

30

W. Sugimoto et al.



JCAT04-486 revised W. Sugimoto et al.

Intensity (a. u.)
}

Intensity (a. u.)
(111)

30 40 50 60 70 80
20/° (CuKa)

Figure 4

26



JCAT04-486 revised

b)
¢)

[ [ I 1
0 0.4 0.8 1.2
E/V vs. RHE

Figure 5

27

W. Sugimoto et al.



JCAT04-486 revised W. Sugimoto et al.

Figure 6
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Figure 11
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